This study evaluates culture filtrate, rich in cellobiose dehydrogenase and laccases, of Termitomyces sp. OE 147, in decolouration and degradation of Reactive blue (RB) 21. About 35% decolouration was achieved at low volumes of the culture supernatant without addition of external redox mediators. An optimized dye to culture fluid ratio (75 ppm: 0.1 ml) at a pH of 4-5 resulted in removal of colour by 60%. The degradation products of RB21 were analysed by Electron Spray Ionization-Mass Spectrometry and several small molecules (of m/z 106-199) were detected. These were concluded to be o-Xylene, 2,3-Dihydro-1H-isoindole, Isoindole-1,3-dione, 2,Benzenesulfonyl-ethanol, (4-Hydroxy-phenyl)-sulfamic acid, 2,3-Dihydro-1H-isoindole-5-sulfonic acid and proposed to result from joint action of cellobiose dehydrogenase, laccase, peroxidases and unidentified oxidoreductases present in the culture fluids. Based on the products formed and the known reactions of these enzymes, a degradation pathway was proposed for RB21. The culture fluid was also effective in decolouration (by about 50%) and detoxification (by $25%) of the combined effluent collected from a local mill indicating a treatment process that bypasses use of H 2 O 2 and toxic mediators. 
Introduction
Wastewaters from textile dyeing industries are one of the most polluting sources of water bodies [17] . The synthetic dyes used in the textile industries have complex aromatic molecular structures making them recalcitrant to biological degradation [15] . In terms of chemical structures, out of nearly 30 dye classes, the most common ones belong to azo, anthraquinone, triarylmethane and pthalocyanine categories. The dyes are produced to the extent of 2.2 Â 10 7 tons per year [46] and it is estimated that 10-15% of the dyes are discharged during the dyeing process [25] resulting in major contamination of water bodies around the world. Many physical (adsorption, coagulation, precipitation, filtration) and chemical (oxidation, advanced oxidation) methods have been used for treatment of dye-containing effluents [19, 36] , but these are either expensive to apply or result in formation of sludge. Biological treatment involving either fungal biomass or enzymes are good alternatives [19] . A variety of extracellular enzymes such as peroxidases (lignin peroxidase or LiP, manganese peroxidase or MnP, horseradish peroxidases or HRP) [20, 31, 35] , oxidoreductases (cellobiose dehydrogenases or CDH, laccases) produced by fungi [50, 53] and other biological systems have been shown to be effective against a variety of synthetic dyes. Out of these, the oxidoreductases are gaining importance due to their requirement of simple co-factors and/or molecular oxygen. CDHs are heme containing flavo-proteins important in cellulose [41] and lignocellulose [21] degradation. The action of these enzymes is mediated by production of hydroxyl radicals by Fenton reaction [2] . The hydroxyl radicals are effective for action on wood, as they transform non-phenolics and facilitate their degradation by other oxidative enzymes such as MnP or laccases [22] . Laccases (pdiphenol:dioxygen oxidoreducatse; EC 1.10.3.2) use molecular oxygen for their activity on phenolic substrates and aromatic amines [6] . The substrate range of these enzymes can be extended to non-phenolic compounds by inclusion of small mediators such as 2,2 0 -Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) or ABTS, Hydroxybenzotriazole (HOBT) and Violuric acid. Laccase mediator combinations have been shown to be effective against azo and phthalocyanine (PC) dyes [7, 9, 12] . The major drawback of this method is the high cost and the toxicity of the mediators. Recently, culture fluids of several fungi, containing high amounts of laccase along with CDH, have been used successfully for decolouration of mono-, di-, tri-, poly-azo, anthroquinonic, monoazo Cr-complexed dyes and dye mixtures [11, 14, 43, 48] . The PC dyes are used extensively in the industry due to their brilliant blue/ green colour but are listed as highly polluting as very few enzymes are active on these. Peroxidases have been reported to be effective in decolouration of Reactive blue 15 and Reactive blue 38 [20] . RB21 has been reported to be decolourized by turnip peroxidase [45] and engineered laccases of Cyathus bulleri [24] , the latter requiring participation of ABTS. Both peroxidases and laccases suffer from the disadvantage of being dependent on hydrogen peroxide and mediators respectively.
In our previous study [5] , the basidiomycete Termitomyces sp. OE147 was shown to produce a wide array of oxidoreductases (CDH, laccases and some uncharacterized oxidoreductases) in the culture fluids when cultivated on cellulose. In this work, effective decolouration and degradation of RB21 is shown using this culture fluid. The effectiveness of the culture fluid was also demonstrated in removing color and phytotoxicity of combined effluent obtained from a local mill.
Materials and methods

Chemicals
All chemicals were of analytical grade. Cellulose (microcrystalline) powder, malt extract, agar, yeast extract, and mycological peptone were purchased from Hi-Media Laboratories Pvt. Ltd. 
Organism and culture conditions
Termitomyces sp. OE 147 was obtained from The Directorate of Mushroom Research, Solan, India and maintained on malt extract agar slants at 28 C. It was sub-cultured every three months. Submerged cultivation was carried out in medium containing malt extract (1%, w/v), yeast extract (0.4%, w/v) and glucose (1%, w/v). The cultures were incubated at 25 C at 150 rpm. After 5 days, the culture was used to inoculate modified Ludwig medium [18] containing yeast extract (1.75%, w/v), mycological peptone (1.75%, w/v), NH 4 H 2 PO 4 (0.8%, w/v) and cellulose (3%, w/v) as sole carbon source. The cultures were incubated at 25 C at 150 rpm. Culture broth was collected at maximum CDH activity (day 5) and clarified by centrifugation at 16000 Â g for 30 min at 4 C. The resulting supernatant was used to perform the decolouration experiments. Activities of CDH and laccase in the culture supernatant were 1.98 U/ml and 1.16 U/ml respectively.
Dye decolouration
The molecular structures and characteristics of dyes used in the study are summarized in supplementary Fig. 1 and Table 1 respectively. Stock solutions of dyes (other than RB21) were prepared in 50 mM sodium acetate buffer (pH 4.0). For RB21, 0.1% stock solution was prepared in 50 mM of sodium citrate buffer (for pH 3.0), sodium acetate buffer (for pH 4.0 and 5.0) and sodium phosphate buffer (for pH 6.0 and 7.0) and stored in dark at 4 C. The reactions (final volume 20 ml) were carried out in a 50 ml shake flask as described previously [24] except that the culture filtrate (containing 0.2 U/ml CDH and 0.1 U/ml of laccase) replaced purified laccase and the time of incubation was increased to 12 h. Samples were removed periodically to estimate residual dye concentration by measuring the change in absorbance at l max of the dyes in
PerkinElmer EnSpire
1 Multimode Plate Reader. Dye decolouration was also studied by inclusion of 200 mM ABTS in the reaction vials.
Control experiments were also run wherein the dye was incubated with heat treated culture fluids. Percent decolouration was calculated as follows:
Effect of common process parameters was investigated on decolouration of RB21 by varying the concentrations of dye (from 25 to 400 ppm), culture filtrate (from 0.1 to 1.0 U/ml), pH (from 3 to 7) and mixing (from 50 to 250 rpm). To investigate if peroxidase dependent activities were involved, concentration of H 2 O 2 was varied (from 50 to 200 mM) in parallel experiments.
Characterization of metabolites by ESI-MS
Preliminary identification of the products obtained from degradation of RB21 was done by thin-layer chromatography (TLC). For this, the untreated and the treated dye samples were resolved using F 254 silica plates and 80% methanol:20% water as the mobile phase as reported [24] . Plates were dried and observed under UV at 254 nm. The metabolites were extracted from the plates and dissolved in 500 ml of acidified methanol and vortexed for 1 h. It was centrifuged and filtered with a 0.22-mm membrane filter and concentrated to 100 ml using a Speed Vac. The extracted sample (20 ml) was diluted with methanol and injected into an ESI-MS equipped with a hybrid Q-TOF detector (AB Sciex, USA). The spectrum was monitored in positive ion mode with the following conditions: ion spray voltage, 5500 V; nebulizer gas, 20 lb/in 2 ; curtain gas, 25 lb/in 2 ; declustering potential, 60 V;
focusing potential, 265 V; and flow rate, 5 ml/min. The spectra were acquired using a mass range (m/z) of 100-500 atomic mass units.
Tentative assignment of structures to various metabolites, liberated from degradation of RB21, was carried out by comparing the acquired mass spectra to spectra in the MS Database using the CambridgeSoft ChemOffice 1 2002 program, as well as from the reaction chemistries reported in literature [24, 39] . Table 1 Characteristics of the dyes used in the present study. 2.5. Decolouration of textile effluent using culture fluids of Termitomyces sp. OE147
Efficiency of culture fluids was also evaluated in decolouration and detoxification of real effluent obtained from a local denim dying textile mill. The combined effluent (pH 4.8) was collected at the outlet of the neutralization tank and used without any prior treatment. It was suitably diluted to achieve absorbance of <1 O.D. in the visible spectrum. The reactions (final volume 20 ml) were carried out in a 50 ml shake flask containing appropriate volume of culture fluid (equivalent to 1.0 U/ml CDH, 0.5 U/ml Laccase) and incubated shaken at 200 rpm. Aliquots were removed at regular intervals and UV-vis absorption spectrum recorded between 350 and 750 nm with a PerkinElmer EnSpire 1 Multimode Plate
Reader.
Phytotoxicity studies
The toxicity studies were carried out according to [26] with some modifications. Mung bean (Vigna radiata) was used for toxicity analysis. The seeds, purchased from local market, were sterilized in a 5% sodium hypochlorite solution for 5-10 min [47] followed by thorough rinsing with sterilized deionized water. Sterilized seeds were subsequently placed in moist cotton in a dark incubator at 25 AE 1 C. After 24 h, the seeds were checked for germination and the sprouted seeds were used in the tests. The toxicity tests were conducted in a Petri dish (87 mm Â 18 mm) in three replicate test units per treatment. Each test unit contained a filter paper dipped in either distilled water (control), untreated effluent or treated effluent. Ten (10) germinated seedlings were placed just above the surface of the paper in the test units. The units were placed in dark incubator at 25 AE 1 C. After 24 h incubation period, the seedlings were separated and the length of the radicle measured to the nearest 10 À3 m with a ruler [26] .
2.7. Analytical methods 2.7.1. Enzyme activity assays CDH activity was determined by monitoring decrease in absorbance of DCIP at 520 nm using e 520 nm as 6800/M.cm as described [3] . Lactose was used as an electron donor. Sodium fluoride (10 mM) was used to inhibit laccase activity. One enzyme unit (U) was defined as the amount of enzyme that reduced 1 mmol DCIP per min under the experimental conditions. Laccase activity was determined by monitoring oxidation of 500 mM ABTS (e 420 nm = 36000/M.cm), buffered with 50 mM sodium tartrate buffer (pH 4.5). One enzyme unit (U) is defined as the amount of laccase transforming 1 mmol ABTS to its cation radical per min [13] . LiP activity was measured using veratryl alcohol as the substrate at 310 nm as described [42] . The reaction was started by addition of 0.4 mM H 2 O 2 . One unit (U) was defined as 1 mmol of veratryl alcohol oxidized per min. MnP activity was determined by measuring the oxidation of 2, 6-dimethoxyphenol (0.5 mM) in 50 mM sodium tartrate buffer at 468 nm as described [51] . As with LiP, reaction was initiated by adding 0.4 mM H 2 O 2 .
One enzyme unit (U) was defined as 1 mmol reaction product formed per min. All enzyme assays were performed in a PerkinElmer Lambda 25 spectrophotometer. Enzyme activities were measured thrice in duplicate flasks set up over a period of three months. The reported values are an average of these. Standard deviation among the samples was between 5 and 8%.
Electrophoresis and zymogram
The zymogram of CDH and laccase was performed directly by loading small volumes of culture filtrates. Briefly, 20 ml (for CDH) and 5, 10 and 20 ml (for laccase) of crude filtrate was loaded on to a 10% Native-PAGE [37] . After electrophoretic run, gel was incubated in 3 mM DCIP (in 100-mM sodium acetate buffer, pH 5.0) for CDH and 200 mM ABTS solution (in 50 mM sodium-citrate buffer, pH 4.0) for laccase activity visualization. For CDH, after uniform staining, few drops of 300 mM lactose solution were added on the surface of gel to visualize the enzyme band [4] . For laccase, the gels were incubated for 5-10 min till green bands appeared.
Results and discussion
Both bacterial [32, 33, 38] and fungal [16, 19, 23] systems have been used for removal of textile dyes from the effluents. Although cell biomass has been suggested as a promising way to remove the colour through biosorption [33] , it results in accumulation of biological sludge. Further, the toxic dyes also restrict the growth of the organisms [49] . Enzymes, primarily the lignin degrading enzymes, have been successfully used for decolouration of a variety of dyes [1, 10, 40] . Laccase, in combination with CDH, is reported to be effective against mono-, di-, tri-, poly-azo and some anthroquinone dyes [11, 14] . Termitomyces sp. OE147 secretes high amounts of CDH along with moderate amounts of laccase [5, 18] which have not been evaluated for dye decolouration. The data presented below shows effectiveness of this culture filtrate in decolouration and degradation of RB21 as well as real textile effluent. Although high laccase and low CDH activities have been reported in Pycnoporus sanguiness [48] ,Trametes pubescens [14] and Trametes trogii [43] on cellulose, Termitomyces sp. OE147 was distinct in producing high amounts of CDH relative to laccase. The extracellular proteins in the culture filtrate were separated on Native-PAGE followed by zymogram analysis and the results are shown in supplementary Fig. 2 . As seen, a single isoform of CDH and multiple forms of laccases were observed.
Enzyme production by Termitomyces sp. OE 147 in liquid culture
Decolouration of different dyes by the culture filtrate of Termitomyces sp. OE147
The broad-spectrum decolouration efficiency of the culture filtrate (with no externally added mediators) was assessed using chemically different dyes and the rates of decolouration are shown in Table 2 . A time course profile of decolouration is shown in Supplementary Fig. 3 . Maximum decolouration and highest rate of decolouration of 25 AE 0.4 nmoles/min was obtained with RB21 followed by 8-11 nmoles/min for RY42 and RO16. Decolouration of RO16 and RY42, in absence of mediators, is important as both the dyes are highly recalcitrant. Moderate (40%) decolouration of RO16 has been reported with enzymes of culture filtrate of Ganoderma sp. En3 [27] . However, it is important to perform these experiments under carefully controlled conditions as contaminating bacteria often grow leading to adsorption of dyes by bacterial cells. Advanced oxidation processes such as ozonation [44] or treatment with UV/H 2 O 2 [30] are currently the only effective methods for removal of color from RO16. Addition of ABTS accelerated rates of decolouration of all dyes and resulted in >80% removal of color. This process was, however, useless as coloured polymers formed at the end of the reactions. In place of ABTS, HOBT has also been reported to be very effective in decolouration of all synthetic dyes [14] . Since the culture fluids were effective on RB21, for which only peroxidases or laccase mediator systems have been found to be effective, further work was restricted to RB21.
Factors affecting decolouration of RB21
Effect of operating conditions (static vs shaking, time of treatment, dye: culture fluid ratio, pH) was evaluated on RB21 decolouration and the results are shown in Fig. 2(a) . Decolouration was more effective under shaking than under static conditions. Maximum colour removal was 37.19 AE 0.87% in 12 h (for 25 ppm) after which there was no further increase. Higher concentrations of the dye (at fixed volume of culture fluid) did not lead to decrease in the rates of decolouration (Fig. 2b) and 50% of the dye was decolourized at 100 ppm levels indicating non toxicity of the reaction products towards enzyme activities. This was contrary to earlier reports [31, 39] where turnip peroxidase was effective at low concentration (30-40 ppm) of RB21. An optimum ratio was arrived at between the dye (75 ppm) and culture fluid whereby 56 AE 0.4% decolouration was obtained. As seen in Fig. 2(d) , more than 55 AE 0.4% of the colour was removed between pH 4.0-5.0 suggesting involvement of laccase and CDH that are most effective at the acidic pH values. An increase in rpm to 200 resulted in an increase in colour removal to 60% and was attributed to better mixing (Fig. 2e) .
H 2 O 2 acts as a co-substrate to activate the enzymatic action of peroxidase radical. However, excess of this reagent can inhibit enzyme activity while at low concentrations it can limit the reaction rates [52] . Since low levels of peroxidases were detected in the culture supernatant and to ascertain if these played a major role in removal of colour, H 2 O 2 concentration was varied. However, no significant increase in decolouration was observed (data not shown). This is important as in almost all studies involving degradation of RB21, peroxidases were indicated to play a major role and H 2 O 2 was found to have a stimulatory effect.
Characterization of degradation products of RB21 by ESI-MS
UV-vis spectrophotometry of the treated RB21 showed decrease in absorbance at 620 nm ( Supplementary Fig. 3a) . In order to identify the intermediates as well as the end products of degradation, aliquots were removed at regular intervals and different components separated by preparative TLC. The UV absorbing materials were visualized and extracted in methanol. The mass spectrum (Fig. 3) of the extracted metabolites indicated a number of prominent peaks in the lower mass range. The assigned structures of these are shown in Fig. 4 . The products obtained were compared with the products generated by action of laccase + ABTS and peroxidase on RB21, as reported in literature [24, 39] . As seen (Table 3) , only a few peaks m/z 147, m/z 244, m/z 439] were common with the products identified in earlier studies. Several additional peaks were observed indicating extensive breakdown of RB21 on account of action of various enzymes present in the culture fluid. Few moieties (m/z 182, m/z 244) were similar to the products obtained by the Palladium based oxidation of RB21 [29] . Based on the reaction chemistries of laccase, peroxidase and CDH, a pathway of degradation of RB21 is proposed (Fig. 5) . The high molecular weight products formed (m/z of 496, 439) resulted from cleavage of the nitrogen bonds in the inner ring of the phthalocyanine molecule by mediator assisted action of laccase, as reported earlier [24] . One of these (m/z 496) was concluded to be 3-[5-(4-Hydroxy-phenylsulfamoyl)-isoindol-1-ylideneamino]-1H-isoindole-5-sulfonic acid, and the other at m/z of 439 was the same as reported by action of turnip peroxidase on RB21 [39] indicating low levels of peroxidases present in the culture filtrate to be effective agents for degradation. The smaller fragment could also result from a fragmentation of the larger molecule of m/z 496. Two other metabolites m/z = 243 (3,4-Dicarbamoyl-benzenesulfonic acid) and m/z = 147 (6-Hydroxy-2,3-dihydro-isoindol-1-one) have been reported earlier [24] and result from oxidative action of laccase and ABTS. In the present study, CDH could be involved in direct oxidation of dyes through generation of OH radicals through Fenton chemistry or by participation of the Flavin domain, as proposed for cellulose [34] . All known CDH's contain an Nterminus heme domain and a C-terminus flavin domain. The flavin domain is considered as a part of the widespread glucosemethanol-choline oxidoreductase superfamily [8] whereas the likes of heme domains are only found in fungi [53] . In the event of the oxidation mediated by Flavin domain, the electrons are transferred to heme domain. Laccases can accept electrons from the heme domain of reduced CDH by virtue of presence of copper and therefore the two can serve as an effective redox couple. Participation of molecular oxygen for laccase oxidation and recycling allows the system to work effectively in the absence of any external mediators. Another metabolite with m/z of 226 (1,3-Dioxo-2,3-dihydro-1H-isoindole-5-sulfonic acid) has been reported from the degradation of Remazol turquoise blue G 133 by soybean peroxidase [28] and in the present system, could result from action of peroxidases in the culture fluids. Many of the small products were formed by reduction and cleavage of the nitrogen bonds in the inner ring of the PC dye due to oxidative action of hereto uncharacterized enzymes followed by hydrolytic reactions. It has also been stated [29] that some of these smaller products could be related to precursor molecules used for the synthesis of these dyes. The discrepancy of one unit mass observed in some molecules was attributed to gain of proton in the side chain.
3.5. Decolouration of textile effluent using culture fluids of Termitomyces sp. OE147 and analysis of phytotoxicity The experiments were carried out following a procedure similar to that used for the pure dyes. Fig. 6a shows the absorption spectrum of the textile effluent before and after treatment with the culture fluid. A decrease in O.D. was observed at all wavelengths (corresponding to absorption from the dyes) indicating the effectiveness of the culture filtrate on effluent with about 52% reduction in colour. An increase in O.D. values was observed in the far-UV range indicating formation of intermediates with UV absorbing properties. The phytotoxicity analysis of the untreated and the culture filtrate treated effluent was carried out with the purpose of evaluating whether the reaction products would be more toxic than the raw effluent. Fig. 6b shows the seedling growth of mung bean exposed to effluent before and after treatment, expressed as a percentage of growth in the control treatment group. It was observed that the growth of the seedlings was adversely affected (residual growth of 53%) by untreated textile effluent. Less toxic affect was noticed for the treated effluent and better growth (76%) of radicles was noticed indicating lowering of toxicity by treatment with the culture fluids. Additionally, browning of the root tips was detected in the exposed roots (Fig. 6c) . Further studies need to be carried out to see the impact at cellular level.
Conclusions
The results showed that culture fluids of Termitomyces sp. OE417, obtained on cellulose, were highly effective for decolouration and degradation of the reactive phthalocyanine dye RB21. Optimization of dye: culture fluid ratio, pH and mixing lead to 60% removal of colour. Based on the products of degradation, many of which have not been previously reported, it was concluded that oxidoreductases including CDH and laccase, were effective without addition of mediators. The culture filtrate was also effective in decolouration of real effluent by 52% without addition of external mediators. Evaluation of toxicity confirmed reduction of phytotoxicity of the effluent after treatment. Given that this fungus can be cultivated in a bioreactor with cellulose as a sole carbon source, the study presents an effective strategy wherein the culture filtrates can serve as a source of oxidoreductases for application in treatment of textile wastewaters.
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